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IntroductionIntroduction
•• It is generally accepted that the increasing global It is generally accepted that the increasing global 

temperatures over recent decades are due to increasing temperatures over recent decades are due to increasing 
atmospheric concentrations of greenhouse gases, i.e., atmospheric concentrations of greenhouse gases, i.e., 
CHCH44, N, N22O, and particularly COO, and particularly CO22..

•• The idea of carbon sequestration is probably the newest The idea of carbon sequestration is probably the newest 
means being studied to manage COmeans being studied to manage CO22 in the environment.  in the environment.  

•• The most likely options for COThe most likely options for CO22 sequestration aresequestration are
–– chemical and physical absorption chemical and physical absorption 
–– lowlow--temperature distillationtemperature distillation
–– gas separation membranes andgas separation membranes and
–– physical and chemical adsorptionphysical and chemical adsorption
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IntroductionIntroduction

Currently absorption is the most widely deployed 
commercial technology, but it requires significant amount 

of heat for solvent regeneration.
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Cryogenic distillation is certainly feasible and widely practiced for 
CO2 recovery, but only viable for CO2 concentrations higher that 

90 vol%, which is outside the range for flue gas streams.
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Polymeric, ceramic and metallic membranes are all viable for 
CO2 recovery from flue gas streams; however, each have their 
own issues involving low fluxes, degradation, fouling, cost, etc.
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–– gas separation membranes andgas separation membranes and
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Various adsorption processes for concentrating CO2 from flue 
gas streams have been proposed and explored, with many of the 

results being controversial and a breakthrough being sought.



Overall ObjectivesOverall Objectives

Describe high temperature adsorption cycles for Describe high temperature adsorption cycles for 
concentrating COconcentrating CO22 from stack and flue gasesfrom stack and flue gases
Provide convincing evidence that further justifies Provide convincing evidence that further justifies 
study of high temperature adsorption cyclesstudy of high temperature adsorption cycles
Elaborate on industrial and government agency Elaborate on industrial and government agency 
collaborations to strengthen possibility of successcollaborations to strengthen possibility of success

Introduce new adsorption cycle concepts that Introduce new adsorption cycle concepts that 
mimic distillation technologymimic distillation technology
Introduce new adsorbent material for reversible Introduce new adsorbent material for reversible 
COCO22 adsorption at high temperatureadsorption at high temperature

Propose why adsorption technology still has Propose why adsorption technology still has 
potential for COpotential for CO22 separation and captureseparation and capture
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Why does adsorption have potential?Why does adsorption have potential?
extra degree of thermodynamic freedom extra degree of thermodynamic freedom 
compared to e.g., distillation and absorption, compared to e.g., distillation and absorption, 
due to the presence of the adsorbent

many possible pathways (i.e., different many possible pathways (i.e., different 
combinations of materials and processes) that combinations of materials and processes) that 
achieve the same separation performanceachieve the same separation performance

due to the presence of the adsorbent
many different families of porous adsorbents many different families of porous adsorbents 
available, new and old, which offer a vast array available, new and old, which offer a vast array 
of equilibrium, kinetic and energetic propertiesof equilibrium, kinetic and energetic properties

unique match often found between optimum unique match often found between optimum 
adsorbent and efficient process designadsorbent and efficient process design

These are key driving forces that promote 
innovation and breakthroughs.



Separation Process MaturitySeparation Process Maturity
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Adsorption TechnologyAdsorption Technology
Commercial Regeneration SchemesCommercial Regeneration Schemes

pressure swing adsorptionpressure swing adsorption
displacement purgedisplacement purge
thermal swing adsorptionthermal swing adsorption
steam regenerationsteam regeneration

Classic Commercial Process ModesClassic Commercial Process Modes
fixed bedfixed bed
rotary bed or valverotary bed or valve
simulated moving bedsimulated moving bed
moving bedmoving bed



PSA and TSA Concepts Based on PSA and TSA Concepts Based on 
the Adsorption Isothermthe Adsorption Isotherm
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Traditional PSA Cycle StepsTraditional PSA Cycle Steps
six basic steps for conventional PSAsix basic steps for conventional PSA

pressurization with feed or light productpressurization with feed or light product
high pressure feed with light product high pressure feed with light product 
productionproduction
depressurization or blowdown (depressurization or blowdown (cocurrentcocurrent or or 
countercurrent to the feed)countercurrent to the feed)
desorption at low pressure with light product desorption at low pressure with light product 
purge (light reflux), evacuation or bothpurge (light reflux), evacuation or both
pressure equalization between bedspressure equalization between beds
high pressure rinse with heavy product high pressure rinse with heavy product 
(purge or heavy reflux) following feed(purge or heavy reflux) following feed



Overall ObjectivesOverall Objectives

Introduce new adsorption cycle concepts that Introduce new adsorption cycle concepts that 
mimic distillation technology

Propose why adsorption technology still has Propose why adsorption technology still has 
potential for COpotential for CO22 separation and captureseparation and capture

mimic distillation technology



New PSA Cycle ConceptsNew PSA Cycle Concepts
enriching reflux (ER) or heavy reflux PSA enriching reflux (ER) or heavy reflux PSA 
cycle for producing pure heavy componentcycle for producing pure heavy component

dual reflux (DR) PSA cycle for producing dual reflux (DR) PSA cycle for producing 
two pure productstwo pure products

contrast with conventional PSA or stripping contrast with conventional PSA or stripping 
reflux (SR) cycle; always designed for reflux (SR) cycle; always designed for 
producing pure light componentproducing pure light component

These new PSA cycle concepts mimic distillation These new PSA cycle concepts mimic distillation 
technology and hence provide considerably more technology and hence provide considerably more 

flexibility to the six traditional cycle steps.flexibility to the six traditional cycle steps.



Stripping Reflux PSA
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Stripping Reflux PSA
LPPLPP FeedFeed--Purge Step

FFHPHP

feed high pressure column (H) 

Purge Step

purge low pressure column (L)purge low pressure column (L)

pure light product  (LP) producedpure light product  (LP) produced

enriched heavy product (HP) produced, enriched heavy product (HP) produced, 
but with but with yyHPHP/y/yFF < P< PHH/P/PLL



Enriching Reflux PSAEnriching Reflux PSA

HH

LL

PurgePurge--Feed StepFeed Step

purge high pressure column (H)

LPLPFF

feed low pressure column (L) 
HPHP

pure heavy product (HP) producedpure heavy product (HP) produced

light product  (LP) produced, but with light product  (LP) produced, but with 
yyLPLP/y/yFF < P< PLL/P/PHH



Dual Reflux PSADual Reflux PSA

HH

LL

HH

LL

HH

LL

FeedFeed--Purge StepPurge Step

intermediate feed position

HPHP
LPLP

FF

feed low pressure, purge low and high pressure columnsfeed low pressure, purge low and high pressure columns
pure heavy product (HP) producedpure heavy product (HP) produced
pure light product  (LP) producedpure light product  (LP) produced



Stripping Reflux PSAStripping Reflux PSA
LPPLPP PressurizationPressurization--Blowdown StepBlowdown Step

HH→→LL blowdown high pressure column 

LL→→HH

LPLP

FFHPHP

pressurize low pressure column

pure light product  used for pressurization pure light product  used for pressurization 
(LLP)(LLP)

enriched heavy product (HP) produced, but enriched heavy product (HP) produced, but 
with with yyHPHP/y/yFF < P< PHH/P/PLL



Enriching Reflux PSAEnriching Reflux PSA

LL→→HH

HH→→LL

BlowdownBlowdown--Pressurization StepPressurization Step

blowdown high pressure column 

LPLPFF

pressurze low pressure column
HPHP

enriched gas from high pressure column used enriched gas from high pressure column used 
to completely pressurize low pressure to completely pressurize low pressure 
columncolumn
no products producedno products produced



Dual Reflux PSADual Reflux PSA

LL→→HH

HH→→LL

LL→→HH

HH→→LL

PressurizationPressurization--Blowdown StepBlowdown Step

FF

HPHP
LPLP

enriched gas from high pressure column used to enriched gas from high pressure column used to 
completely pressurize low pressure columncompletely pressurize low pressure column
no products producedno products produced



Adsorbent TechnologyAdsorbent Technology
Classic Commercial AdsorbentsClassic Commercial Adsorbents

activated carbonsactivated carbons
molecular sieve molecular sieve zeoliteszeolites
carbon molecular sievescarbon molecular sieves
silica gelssilica gels
activated activated aluminasaluminas
ion exchange resinsion exchange resins

Newer Commercial AdsorbentsNewer Commercial Adsorbents
polymericpolymeric
ΠΠ--complexationcomplexation



Adsorption of COAdsorption of CO22 on Solid Sorbentson Solid Sorbents
Many commonly used 

adsorbents (e.g., 
zeolites, activated 

carbon, carbon MS) 
have good CO2 capacity 

at room temperature.
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

13X Zeolite

5A Zeolite

CFCMS

activated carbon

HTlc

CO2 Pressure, bar

A
m

ou
nt

 A
ds

or
be

d,
 m

m
ol

/g

CO2 Adsorption at 24˚C

Typically, CO2 capacity 
greatly diminished at 

elevated temperatures.

A
m

ou
nt

 A
ds

or
be

d,
 m

m
ol

/g

CO2 Adsorption on 5A Zeolite

0.0

1.0

2.0

3.0

4.0

5.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

24˚C

300 ˚C

CO2 Pressure, bar



Overall ObjectivesOverall Objectives

Introduce new adsorption cycle concepts that Introduce new adsorption cycle concepts that 
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HydrotalciteHydrotalcite--Like Compound (HTlc) Like Compound (HTlc) 
for Reversible COfor Reversible CO22 AdsorptionAdsorption

also known as layered double hydroxides (LDHs)also known as layered double hydroxides (LDHs)
anionic clays (bianionic clays (bi--dimensional basic solids)dimensional basic solids)
used as catalysts and catalyst supports, adsorbents used as catalysts and catalyst supports, adsorbents 
and ion exchangers for treatment of liquid wastes, and ion exchangers for treatment of liquid wastes, 
and in medicine as antacids and in medicine as antacids 
structure consists of positivelystructure consists of positively--charged layers with charged layers with 
interlayer space containing charge compensating interlayer space containing charge compensating 
anions and water moleculesanions and water molecules

[Mg[Mg0.730.73AlAl0.270.27(OH)(OH)22](CO](CO33))0.1350.135•mH•mH22OO

layer thickness ≈ 4.8 Ålayer thickness ≈ 4.8 Å

interlayer spacing ≈ 3.0 Åinterlayer spacing ≈ 3.0 Å

basal spacing ≈ 7.8 Åbasal spacing ≈ 7.8 Å

unheatedunheated



COCO22 Adsorption Isotherms on Hydrotalcite (Adsorption Isotherms on Hydrotalcite (HTlcHTlc))
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High Temperature SR PSA CycleHigh Temperature SR PSA Cycle

based on use of Kbased on use of K--promoted promoted HTlcHTlc adsorbent adsorbent 
selective only for COselective only for CO22 and water insensitive

SkarstromSkarstrom--type, 4type, 4--step, vacuum swing cycle step, vacuum swing cycle 
operated at 575 K

and water insensitive

operated at 575 K

typical stack gas or flue gas effluent treatedtypical stack gas or flue gas effluent treated
obviates need to cool, dry or pressurize the obviates need to cool, dry or pressurize the 
feed streamfeed stream
potential to produce an enriched stream of potential to produce an enriched stream of 
COCO22 at high recoveryat high recovery

Results obtained from non-linear, isothermal 
equilibrium theory (NL-IET), and non-isothermal 
mass transfer limited (NI-MTL) modeling studies.



typical 4typical 4--step Skarstrom type SR PSA step Skarstrom type SR PSA cyclecycle
countercurrent blowdown and light product pressurizationcountercurrent blowdown and light product pressurization
many other SR PSA cycle configurations existmany other SR PSA cycle configurations exist
high purity light product produced

Stripping Reflux (SR) PSA CycleStripping Reflux (SR) PSA Cycle

high purity light product produced

Bed cyc step cyc step cyc step cyc step
1 high P feed Cnt-C BD low P purge LP pres
2 LP pres high P feed Cnt-C BD low P purge
3 low P purge LP pres high P feed Cnt-C BD
4 Cnt-C BD low P purge LP pres high P feed

LP pres:  light product pressurizationLP pres:  light product pressurization
high P feed:  high pressure feedhigh P feed:  high pressure feed
CntCnt--C BD:  countercurrent blowdownC BD:  countercurrent blowdown
low P purge:  low pressure purge

Pressure History of Both Columns

Column AColumn A Column BColumn B

PH

PL

low P purge:  low pressure purge



Bed Characteristics, Adsorbent Properties, and Bed Characteristics, Adsorbent Properties, and 
Transport PropertiesTransport Properties

Ding and Ding and AlpayAlpay (2000, 2001); Liu et al. (1998)(2000, 2001); Liu et al. (1998)

LLbb (m)(m)
rrbb (m)(m)
QQFF (SLPM)(SLPM)
TTFF, T, Too (K)(K)
εεbb

ρρpp (kg/m(kg/m33))
rrpp (m)(m)
CCp,sp,s (kJ/kg/K)(kJ/kg/K)
hhbb (kW/m(kW/m22/K)/K)
kkCO2,adCO2,ad (s(s--11))
kkCO2,deCO2,de (s(s--11))

0.27240.2724
0.03870.0387
2.02.0
575575
0. 480. 48
15631563
1.3751.375××1010--33

0.8500.850
0.00067 0.00067 
0.00580.0058
0.00060.0006

Bed Dimensions Bed Dimensions 
and Operating and Operating 

ConditionsConditions

Adsorbent Adsorbent 
PropertiesProperties

Heat and Mass Heat and Mass 
Transfer CoefficientsTransfer Coefficients

Different Mass Different Mass 
Transfer Rate Transfer Rate 
Constants for Constants for 

Adsorption and Adsorption and 
DesorptionDesorption



NonNon--Linear, Isothermal ET Model of SR PSALinear, Isothermal ET Model of SR PSA
Light Product Pressurization and Light Product Pressurization and CounterCurrentCounterCurrent BlowdownBlowdown

LP PressNHP = NBl+NHE

yHP < yHE

NBl

yBl = yF → yHP

ASSUMPTIONS:ASSUMPTIONS:
•• y = y = yyFF COCO22 front in high pressure feed front in high pressure feed 

step stops just before breakthrough:step stops just before breakthrough:
→→no COno CO22 in Nin NLPLP (i.e., (i.e., 100% RECOVERY100% RECOVERY))
→→homogeneous y along bed in blowdownhomogeneous y along bed in blowdown

•• y = y = yyHEHE COCO22 front in low pressure purge front in low pressure purge 
step stops just before breakthrough step stops just before breakthrough 

•• NNHPHP comprises Ncomprises NHEHE and and NNBlBl

→→ yyHPHP < < yyHEHE

SOLUTION PROCEDURE:SOLUTION PROCEDURE:
•• overall and inert partial balances overall and inert partial balances 

simultaneously satisfied: simultaneously satisfied: solvingsolving for for NNPrPr
and and γ γ and usingand using equations in literatureequations in literature

Purge (PL)NHE

y = yHE
NLP

yLP = 0
NF

y = yF

Feed (PH)

NPr

yLP = 0
CC Blowdown



Results of the NLIET SR PSA ModelResults of the NLIET SR PSA Model
Effect of the Pressure Ratio (PH/PL) and PL on the CO2 Enrichment
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•• Further decrease of enrichments Further decrease of enrichments 
due to due to diluting rolediluting role of blowdown of blowdown 
in enriched product.in enriched product.

•• Thus, ET is helpful in determiningThus, ET is helpful in determining
qualitative optimum conditions qualitative optimum conditions 
(optimum (optimum ππTT for given Pfor given PLL))

•• Lower PLower PLL improvesimproves the working the working 
capacity of the capacity of the HTlcsHTlcs and hence and hence 
better enrichments can be better enrichments can be 
achievedachieved

yyFF = 0.15= 0.15
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NINI--MTL SR PSA Model AssumptionsMTL SR PSA Model Assumptions
ideal gas lawideal gas law
plugplug--flow (negligible radial gradients)flow (negligible radial gradients)
negligible pressure dropnegligible pressure drop
finite heat and mass transfer resistancesfinite heat and mass transfer resistances
mass transfer governed by linear driving force approximationmass transfer governed by linear driving force approximation
heat transfer governed by overall heat transfer coefficientheat transfer governed by overall heat transfer coefficient
loading dependent heat of adsorptionloading dependent heat of adsorption
gas and adsorbed phase heat capacities equal and temperature gas and adsorbed phase heat capacities equal and temperature 
dependentdependent
constant adsorbent heat capacityconstant adsorbent heat capacity

Rigorous Model!Rigorous Model!
SOLUTION PROCEDURE: SOLUTION PROCEDURE: 

ASSUMPTIONSASSUMPTIONS:

unlike ET, optimum conditions can only be unlike ET, optimum conditions can only be 
found through parametric studiesfound through parametric studies
FORTRAN based numerical code (method FORTRAN based numerical code (method 
of lines) used (DDASPK)of lines) used (DDASPK)



Fixed and Varied Operating ParametersFixed and Varied Operating Parameters

ttss (s)(s)
ttcc (s)(s)

yyF,CO2F,CO2

yyF,N2F,N2

yyF,H2OF,H2O

PPHH/P/PLL

PPHH ((kPakPa))

γγ

100, 200, 100, 200, 300300, 400, 500, 400, 500
400, 800, 400, 800, 12001200, 1600, 2000, 1600, 2000

0.150.15
0.750.75
0.100.10

4, 6, 4, 6, 88, 10, 12, 10, 12
137.9137.9 ((kPakPa))

0.50, 0.50, 0.750.75, 1.00, 1.25, 1.50, 1.00, 1.25, 1.50

Cycle TimeCycle Time

Pressure RatioPressure Ratio

Feed Feed 
ConcentrationConcentration

Purge to Feed RatiosPurge to Feed Ratios

Four Step Four Step 
Times Times 
EqualEqual

Underlined parameters ---> base case conditions.
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Effect of the Purge to Feed Ratio and Cycle Step Effect of the Purge to Feed Ratio and Cycle Step 
Time on the COTime on the CO22 Recovery and Enrichment

ππTT = 8, P= 8, PH H = 137.9 = 137.9 kPakPa; ; yyA,FA,F = 0.15, = 0.15, VVff = 1 SLPM (= 1 SLPM (θθ = 14.4 L STP/hr/kg)= 14.4 L STP/hr/kg)
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ttss increasingincreasing

SR PSA: 125 Simulations

γγ
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1.001.00
1.251.25
1.501.50

Conditions that maximize both 
R and E easily pinpointed: E = 

3.89 at R = 86.8% obtained with 
γ = 0.5, ts = 500 s and πT = 12; 

smallest γ, longest ts and highest 
πT investigated. 

Conditions that maximize 
different: R = 100%, E = 2.8 at 
R = 86.8% obtained with γ = 
1.5, ts = 500 s and πT = 12. 
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Stripping Reflux (SR) PSA Cycle with Stripping Reflux (SR) PSA Cycle with 
CoCo--Current BlowdownCurrent Blowdown

55--step cycle, with costep cycle, with co--current blowdown stepcurrent blowdown step
coco--current blowdown mainly increases COcurrent blowdown mainly increases CO22 enrichmentenrichment

Bed cyc step cyc step cyc step cyc step cyc step
1 high P feed Co-C BD Cnt-C BD low P purge LP pres
2 LP pres high P feed Co-C BD Cnt-C BD low P purge
3 low P purge LP pres high P feed Co-C BD Cnt-C BD
4 Cnt-C BD low P purge LP pres high P feed Co-C BD
5 Co-C BD Cnt-C BD low P purge LP pres high P feed

LP pres: light product pressurizationLP pres: light product pressurization
high P feed: high pressure feedhigh P feed: high pressure feed
CoCo--C BD: coC BD: co--current blowdown to Pcurrent blowdown to PII

CntCnt--C BD: counterC BD: counter--current blowdown to Pcurrent blowdown to PLL

low P purge: low pressure purge

Co-current and counter-current 
blowdown step times equal, and 
intermediate pressure PI = Patm.

low P purge: low pressure purge
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High Temperature ER PSA CycleHigh Temperature ER PSA Cycle

based on use of Kbased on use of K--promoted promoted HTlcHTlc adsorbent adsorbent 
selective only for COselective only for CO22 and water insensitive

44--step, pressure and vacuum swing cycles step, pressure and vacuum swing cycles 
operated at 575 Koperated at 575 K

and water insensitive
typical stack gas or flue gas effluent treatedtypical stack gas or flue gas effluent treated

obviates need to cool, dry or pressurize the obviates need to cool, dry or pressurize the 
feed stream (only for VSA cycle)feed stream (only for VSA cycle)
potential to produce an enriched stream of potential to produce an enriched stream of 
COCO22 at high recoveryat high recovery

Results obtained from non-linear, isothermal 
equilibrium theory (NL-IET), and non-isothermal 
mass transfer limited (NI-MTL) modeling studies.



Enriching Reflux (ER) PSA CycleEnriching Reflux (ER) PSA Cycle
44--step ER PSA cyclestep ER PSA cycle

HP pres:  heavy product pressurizationHP pres:  heavy product pressurization
low P feed:  low pressure feedlow P feed:  low pressure feed
C0C0--C BD:  cocurrent blowdownC BD:  cocurrent blowdown
high P purge:  high pressure purgehigh P purge:  high pressure purge

high purity heavy product producedhigh purity heavy product produced
many other cycle sequences possible with ER PSAmany other cycle sequences possible with ER PSA
cocurrentcocurrent blowdown and heavy product pressurizationblowdown and heavy product pressurization

Bed cyc step cyc step cyc step cyc step
1 low P feed HP pres high P purge Co-C BD
2 Co-C BD low P feed HP pres high P purge
3 low P purge Co-C BD low P feed HP pres
4 HP pres high P purge Co-C BD low P feed

Four beds needed for 
continuous feed and 
products cycle; two 

independent ER PSA units.



Enriching PSA CycleEnriching PSA Cycle
Pressurization and Blowdown StepsPressurization and Blowdown Steps

PPH PPLH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurization and Blowdown Steps Begin Pressurization and Blowdown Steps Begin 

PPH PPL PPH PPLH L H L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurizing and Blowing DownPressurizing and Blowing Down

PPH PPLH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurizing and Blowing DownPressurizing and Blowing Down

PPII

But PBut PI I < P< PHH !!

NNRR, , yyHPHP

PPLPPH PPL LH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurization and Blowdown StepsPressurization and Blowdown Steps

Additional pressurization Additional pressurization 
gas needed for nongas needed for non--linear linear 
systems.systems.

This flow is obtained This flow is obtained 
from the feed step.from the feed step.

NNRR, , yyHPHP

NNPressPress, , yyHPHP

Unlike linear systems Unlike linear systems 
NNpresspress ≠≠ NNblowblow; in fact, 
at conditions studied 
here, NNpresspress > > NNblowblow..

PPH PPLH L

NNBlowBlow, , yyHPHP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurizing and Blowing DownPressurizing and Blowing Down

NNRR, , yyHPHP NNRR, , yyHPHP

PPIPPLPPH PPL ILH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurizing and Blowing DownPressurizing and Blowing Down

PPLL

NNRR, , yyHPHPNNRR, , yyHPHP

PPH PPLH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurizing and Blowing DownPressurizing and Blowing Down

PPHPPLPPH PPL HLH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0 NNRR, , yyHPHPNNRR, , yyHP= 1.0 HP



Enriching PSA CycleEnriching PSA Cycle
Pressurization and Blowdown Steps End Pressurization and Blowdown Steps End 

PPHH

NNRR, , yyHPHP

PPLL

NNRR, , yyHPHP

PPH PPLH L

NNBlowBlow, , yyHP NNPressPress, , yyHPHP HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Pressurization and Blowdown Steps End Pressurization and Blowdown Steps End 

PPLL PPHH PPHPPL HL

Now, the bed on the right is ready Now, the bed on the right is ready 
to be fed at Pto be fed at PL.

NNRR, , yyHPHP

L.



Feed and Purge StepsFeed and Purge Steps
Enriching PSA Cycle

NNLFLF, , yyFF NNLP,  LP,  yyLPLP

PPHHPPLL

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHPHP

HP

Enriching PSA Cycle

yyHPHP = 1.0= 1.0



Feed and Purge Steps BeginFeed and Purge Steps Begin
Enriching PSA CycleEnriching PSA Cycle

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHHPPL PPL PPHL L H

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHP

HP

HP

yyHPHP = 1.0= 1.0



Feeding and PurgingFeeding and Purging
Enriching PSA CycleEnriching PSA Cycle

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHHPPL PPL PPHL L H

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHP

HP

HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Feeding and PurgingFeeding and Purging

NNLFLF, , yyFF NNLPL, LPL, yyLPLP

PPHHPPL PPL PPHL L H

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHP

HP

HP

yyHPHP = 1.0= 1.0



Enriching PSA CycleEnriching PSA Cycle
Feeding and PurgingFeeding and Purging

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHHPPL PPL PPHL L H

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHP

HP

HP

yyHPHP = 1.0= 1.0



Feed and Purge Steps EndFeed and Purge Steps End
Enriching PSA CycleEnriching PSA Cycle

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHHPPL PPL PPHL L H

NNHEHE, , yyHP NNHF, HF, yyHPHP HP

NNHPHP, , yyHP

NNRR, , yyHP

HP

HP

yyHPHP = 1.0= 1.0



Definition of ParametersDefinition of Parameters
Degree of DepletionDegree of Depletion

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHPPLL H

NNHPHP, , yyHPHP = 1= 1

NNHF, HF, yyHPHP = 1= 1

NNRR, , yyHPHP = 1= 1

DDdd ==
yyLPLP

yyFF

NNHEHE, , yyHPHP



Definition of ParametersDefinition of Parameters
Extent of RecoveryExtent of Recovery

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHPPL NNHP
HL

HPEERR ==
yyFF··NNLFLF

NNHEHE, , yyHP NNHF, HF, yyHPHP = 1= 1HP

NNHPHP, , yyHPHP = 1= 1
NNRR, , yyHPHP = 1= 1



Definition of ParametersDefinition of Parameters
Recycle RatioRecycle Ratio

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHPPLL H

NNHPHP, , yyHPHP = 1= 1

NNHF, HF, yyHPHP = 1= 1

NNRR, , yyHPHP = 1= 1

RRrr ==
NNHFHF

NNHEHE

NNHEHE, , yyHPHP



Definition of ParametersDefinition of Parameters
Pressurization RecyclePressurization Recycle

NNLFLF, , yyFF NNLP, LP, yyLPLP

PPHPPLL H

NNHPHP, , yyHPHP = 1= 1

NNHF, HF, yyHPHP = 1= 1

NNRR, , yyHPHP = 1= 1

RRpp == NNRR

NNHEHE

NNHEHE, , yyHPHP



Results of the NLIETResults of the NLIET--ER PSA ModelER PSA Model
Effect of Pressure Ratio on NEffect of Pressure Ratio on NHEHE
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Conditions: Conditions: 
yyFF = 0.15, P= 0.15, PLL = 1 = 1 atmatm, T = 575 K, T = 575 K

•• PPerformance of ER PSA erformance of ER PSA 
process improves with process improves with 
pressure ratio pressure ratio (larger N(larger NHPHP
with with ππTT))
•• AAs s ππTT increasesincreases NNHPHP/N/NLLF
approaches but never approaches but never 
larger than larger than yyFF
•• RRemarkably large values emarkably large values 
of Nof NHFHF and Nand NR R (both (both 
adding up to ~ 8) due to adding up to ~ 8) due to 
considerable desorption considerable desorption 
and expansion of gas and expansion of gas 
during feed during feed 
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Results of the NLIETResults of the NLIET--ER PSA ModelER PSA Model
Effect of Pressure Ratio on EEffect of Pressure Ratio on ERR, , DDdd, , RRpp and and RRrr
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Conditions: Conditions: 
yyA,FA,F = 0.15, P= 0.15, PLL = 1 = 1 atmatm, T = 575 K, T = 575 K

•• AAt t ππTT larger than about larger than about 
5.0, 5.0, EERR becomes larger becomes larger 
than 80%than 80%

•• TThe direct consequence he direct consequence 
of this is the ever smaller of this is the ever smaller 
concentrations of COconcentrations of CO22 in in 
NNLPLP, i.e., , i.e., DDdd decreasesdecreases

•• TThe recycle ratio (he recycle ratio (RRrr) ) 
also decreases with also decreases with 
increasing increasing ππTT, but at the , but at the 
expense of increasing the expense of increasing the 
pressurization recycle (pressurization recycle (RRpp))

Dd



Results of the NLIETResults of the NLIET--ER PSA ModelER PSA Model
Effect of Pressure Ratio on NEffect of Pressure Ratio on NHEHE (Smaller P(Smaller PLL))
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Conditions: Conditions: 
yyA,FA,F = 0.15, = 0.15, PPLL = 0.1 = 0.1 atmatm,, T = 575 KT = 575 K

•• PPerformance of ER PSA erformance of ER PSA 
(in terms of N(in terms of NHPHP/N/NLFLF) does ) does 
not vary significantly with not vary significantly with 
smaller  feed pressures smaller  feed pressures 
(i.e., P(i.e., PLL))
•• HHowever, the huge flow owever, the huge flow 
rates at these conditions rates at these conditions 
(N(NHFHF + N+ NRR ~ 200 N~ 200 NLFLF) ) 
could be very detrimental could be very detrimental 
in terms of pump costsin terms of pump costs
•• SSuch large flows are a uch large flows are a 
direct consequence of the direct consequence of the 
very large selectivities of very large selectivities of 
the adsorbent for COthe adsorbent for CO22
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NINI--MTL ER PSA Model AssumptionsMTL ER PSA Model Assumptions
ideal gas lawideal gas law
plugplug--flow (negligible radial gradients)flow (negligible radial gradients)
negligible pressure dropnegligible pressure drop
finite heat and mass transfer resistancesfinite heat and mass transfer resistances
mass transfer governed by linear driving force approximationmass transfer governed by linear driving force approximation
heat transfer governed by overall heat transfer coefficientheat transfer governed by overall heat transfer coefficient
loading dependent heat of adsorptionloading dependent heat of adsorption
gas and adsorbed phase heat capacities equal and temperature gas and adsorbed phase heat capacities equal and temperature 
dependentdependent
constant adsorbent heat capacityconstant adsorbent heat capacity

Rigorous Model!Rigorous Model!
SOLUTION PROCEDURE: SOLUTION PROCEDURE: 

ASSUMPTIONSASSUMPTIONS:

unlike ET, optimum conditions can only be unlike ET, optimum conditions can only be 
found through parametric studiesfound through parametric studies
FORTRAN based numerical code (method FORTRAN based numerical code (method 
of lines) used (DDASPK)of lines) used (DDASPK)



0.50
0.55
0.60
0.65
0.70
0.75

0.2 0.4 0.6 0.8 1.0 1.2

Length (m)

yC
O

2 o
r R

ec
ov

er
y

Throughput
θmin = 1.1 L STP/hr/kg 
θmax = 4.3

Operating Conditions
yCO2 = 0.15    yH2O = 0.10    yN2 = 0.75

PH = 137.9 kPa PL = 13.79 kPa
tF/P = tPr/Bl = 30 s

QF = 0.3 L STP/min    QHP = 0.15QF

θθminmin

θθmaxmax

ER PSA: Effect of Bed LengthER PSA: Effect of Bed Length

Enrichment of 
CO2 in ER 
PSA easily 

surpasses that 
obtained with 
SR PSA, but 
typically at a 
much lower 

throughput and 
CO2 recovery.
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QF = 1.0 L STP/min
L = 0.2724 m

QF = 0.3 L STP/min
L = 0.5448 m

θ θ = 2.2 L STP/hr/kg= 2.2 L STP/hr/kg

θ θ = 14.4 L STP/hr/kg= 14.4 L STP/hr/kg

Operating Conditions
yF,CO2 = 0.15    yF,H2O = 0.1    yF,N2 = 0.75

PL = 13.79 kPa
tF/P = tPr/Bl = 30 s

QHP = 0.15QF

Interesting opposing 
effects of PH, 

depending in some 
way on the feed flow 
rate and bed length.

ER PSA: Effect of PER PSA: Effect of PHH
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Operating Conditions
yF,CO2 = 0.15    yF,H2O = 0.1    yF,N2 = 0.75

PH = 137.9 kPa PL = 13.79 kPa
QHP = 0.15QF

QQFF = 2 L STP/min= 2 L STP/min
L = 0.5448 mL = 0.5448 m

ttPr/BlPr/Bl = 30 s= 30 s

θθminmin = 1.4 L STP/hr/kg= 1.4 L STP/hr/kg
θθmaxmax = 3.5= 3.5

QQFF = 0.3 L STP/min= 0.3 L STP/min
L = 0.2724 m,L = 0.2724 m,

ttPr/BlPr/Bl = 60 s= 60 s
θθminmin = 19.2 L STP/hr/kg= 19.2 L STP/hr/kg
θθmaxmax = 44.2= 44.2

CO2 enrichment and 
recovery relatively 
insensitive to tF/P at 

these conditions.

CO2 enrichment and 
recovery depends 

markedly on QF and L!

ER PSA: Effect of ER PSA: Effect of ttFF/P/P



Operating Conditions
yF,CO2 = 0.15    yF,H2O = 0.10    yF,N2 = 0.75

PH = 137.9 kPa PL = 13.79 kPa
tF/P = tPr/Bl = 30 s    QHP = 0.15QF

L = 0.136 mL = 0.136 m
θθ (L STP/hr/kg) (L STP/hr/kg) 

θθminmin = 1.4= 1.4
θθmaxmax = 24.1= 24.1

L = 0.817 mL = 0.817 m
θθ (L STP/hr/kg) (L STP/hr/kg) 

θθminmin = 0.48= 0.48
θθmaxmax = 4.8= 4.8

L = 0.272mL = 0.272m
θθ (L STP/hr/kg) (L STP/hr/kg) 

θθminmin = 0.72= 0.72
θθmaxmax = 28.8= 28.8

ER PSA: Effect of QER PSA: Effect of QFF
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Overall ObjectivesOverall Objectives

Describe high temperature adsorption cycles for Describe high temperature adsorption cycles for 
concentrating COconcentrating CO22 from stack and flue gasesfrom stack and flue gases
Provide convincing evidence that further justifies Provide convincing evidence that further justifies 
study of high temperature adsorption cyclesstudy of high temperature adsorption cycles

Introduce new adsorption cycle concepts that Introduce new adsorption cycle concepts that 
mimic distillation technologymimic distillation technology
Introduce new adsorbent material for reversible Introduce new adsorbent material for reversible 
COCO22 adsorption at high temperatureadsorption at high temperature

Propose why adsorption technology still has Propose why adsorption technology still has 
potential for COpotential for CO22 separation and captureseparation and capture



Comparison of ER and SR PSA CyclesComparison of ER and SR PSA Cycles
ππTT = 10, P= 10, PLL = 13.79 = 13.79 kPakPa, L, Lbb = 0.2724 m= 0.2724 m

SR PSA
γ = 0.5

ER PSA 
QHP/QF = 0.15

Flowrate (slpm) Feed time (s) θ  (SLPH/kg) Enrichment Recovery (%)
0.050 30 0.72 4.71 70.0
0.100 30 1.44 4.65 69.9
0.300 30 4.32 3.85 50.1
1.000 30 14.40 2.48 37.4
2.000 30 28.81 1.87 28.2
0.250 100 3.60 0.99 100.0
0.500 100 7.20 1.63 100.0
1.000 100 14.40 2.42 96.8
1.500 100 21.60 2.69 81.9
2.000 100 28.80 2.78 69.4
0.250 200 3.60 1.64 100.0
0.500 200 7.20 2.45 100.0
1.000 200 14.40 3.13 89.3
1.500 200 21.60 3.28 73.8
2.000 200 28.80 3.29 62.6
0.250 100 3.60 0.94 100.0
0.500 100 7.20 1.46 100.0
1.000 100 14.40 2.09 100.0
1.500 100 21.60 2.37 94.8
1.750 100 25.20 2.42 89.3
0.250 200 3.60 1.48 100.0
0.500 200 7.20 2.08 100.0
1.000 200 14.40 2.64 99.5
1.500 200 21.60 2.77 89.5
1.750 200 25.20 2.76 83.6

SR PSA
γ = 1.25



ConclusionsConclusions
Simple 4 and 5 step SR PSA cycles are able to Simple 4 and 5 step SR PSA cycles are able to 
produce enriched COproduce enriched CO22 (but (but yyHPHP/y/yFF < 4.0) with very < 4.0) with very 
high recovery (100%) in a high temperature high recovery (100%) in a high temperature HTlcHTlc
based process, based process, even with poor mass transfer even with poor mass transfer 
characteristics which will improvecharacteristics which will improve
Simple 4 step ER PSA cycle is able to produce enriched Simple 4 step ER PSA cycle is able to produce enriched 
COCO22 (but (but yyHPHP/y/yFF < 5.0) with with moderate recovery (E< 5.0) with with moderate recovery (ERR
< 80%) in a high temperature < 80%) in a high temperature HTlcHTlc based process, based process, but but 
at relatively low throughputs compared to SR PSAat relatively low throughputs compared to SR PSA

Initial ideal and rigorous simulations of SR and ER Initial ideal and rigorous simulations of SR and ER 
PSA cycles providing considerable insight into which PSA cycles providing considerable insight into which 
parameters appear to be most important to parameters appear to be most important to 
maximizing the COmaximizing the CO22 enrichment, recovery and enrichment, recovery and 
throughput, throughput, with upper thermodynamic limits being with upper thermodynamic limits being 
exposedexposed
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Overall ObjectivesOverall Objectives

Describe high temperature adsorption cycles for Describe high temperature adsorption cycles for 
concentrating COconcentrating CO22 from stack and flue gasesfrom stack and flue gases
Provide convincing evidence that further justifies Provide convincing evidence that further justifies 
study of high temperature adsorption cyclesstudy of high temperature adsorption cycles
Elaborate on industrial and government agency Elaborate on industrial and government agency 
collaborations to strengthen possibility of successcollaborations to strengthen possibility of success

Introduce new adsorption cycle concepts that Introduce new adsorption cycle concepts that 
mimic distillation technologymimic distillation technology
Introduce new adsorbent material for reversible Introduce new adsorbent material for reversible 
COCO22 adsorption at high temperatureadsorption at high temperature

Propose why adsorption technology still has Propose why adsorption technology still has 
potential for COpotential for CO22 separation and captureseparation and capture



CollaboratorsCollaborators

Air ProductsAir Products
technical support, and product and process technical support, and product and process 
development and licensing

University of South CarolinaUniversity of South Carolina
new high temperature PSA adsorption cycles new high temperature PSA adsorption cycles 
and adsorbent characterizationand adsorbent characterization

development and licensing
US EPA Office of Research and DevelopmentUS EPA Office of Research and Development

adsorbent development, characterization, and adsorbent development, characterization, and 
optimizationoptimization



Preliminary Cycling Study with Preliminary Cycling Study with 
New EPA MaterialNew EPA Material

CO2 Adsorbed on HTlc at 300oC
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(with trace NaNO(with trace NaNO33 impurity)impurity)

•• AAdsorption isotherms with dsorption isotherms with 
strong hysteresis (results strong hysteresis (results 
consistent with observations of consistent with observations of 
Ding and Ding and AlpayAlpay) ) 

•• HHysteresis loop continually  ysteresis loop continually  
displaced upwards, but less in displaced upwards, but less in 
every new cycle every new cycle ⇒⇒ regeneration regeneration 
approaching 100% in few more approaching 100% in few more 
cycles ( PSA cycles > 1000!!)cycles ( PSA cycles > 1000!!)

•• AAnyhow, working capacity nyhow, working capacity 
tends to be larger than 3 wt%, tends to be larger than 3 wt%, 
which is quite remarkablewhich is quite remarkable

** Arrow right = adsorption
    Arrow left = desorption

* 1,2 and 3 are cycle numbers 



OnOn--Going and Future ResearchGoing and Future Research
Continue to explore SR, ER and DR PSA cycles using Continue to explore SR, ER and DR PSA cycles using 
the NLIET models to gain an understanding of the the NLIET models to gain an understanding of the 
upper thermodynamic limits of performanceupper thermodynamic limits of performance
Continue to develop NIContinue to develop NI--MTL SR, ER and DR PSA MTL SR, ER and DR PSA 
process simulator codes to explore new cycles under process simulator codes to explore new cycles under 
realistic conditions, e.g., high pressure rinse step in SR realistic conditions, e.g., high pressure rinse step in SR 
PSA compared to heavy reflux in ER and DR PSAPSA compared to heavy reflux in ER and DR PSA
Continue to collaborate with Nick Continue to collaborate with Nick HutsonHutson at the EPA at the EPA 
and Jeff and Jeff HuftonHufton at Air Products to foster the at Air Products to foster the 
development of high temperature PSA cycles based development of high temperature PSA cycles based 
on on HTlcHTlc adsorbents for CO2 separation and capture adsorbents for CO2 separation and capture 
Continue to characterize new and commercially Continue to characterize new and commercially 
available available HTlcHTlc materials  to determine more materials  to determine more 
accurately their thermodynamic and transport accurately their thermodynamic and transport 
properties, and initiate the design of a high properties, and initiate the design of a high 
temperature, universal SR, ER and DR PSA apparatus temperature, universal SR, ER and DR PSA apparatus 
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